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ABSTRACT

in this paper, we discuss the development of very sensitive long wavelength infrared (I .WIR)
GaAs/AlxGal -xAsquantum well infrared photodetectors (QWI f's), fabrication of random reflectors for
efficientlight coupling, and the demonstration of first hand-held kmg-wavelength 256 x 2.56 QWIP focal
plane array camera. Lxcellent imagery, with a noise. equivalent differential temperature (NEAT) of 25
mK has been achieved.
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INTRODUCTION

There arc several applications that require long wavelength, large, uniform, reproducible, low
cost, low ]/f noise, low power dissipation, and radiation hard infrared (IR)focal plane arrays (I'PAs).
Yor example, the absorption lines of many gas molecules, such as ozone, water, carbon monoxide,
carbon dioxide, and nitrous oxide occur in the wavelength region from 3to 18 pm. Thus, IR imaging
systems that operate in the long wavelength 1R (1 .WIR) region (6 - J8 pm) arc required in many space
applications such as monitoring global atmospheric temperature profiles, relative humidity profiles,




cloud characteristics, and the distribution of minor constituents in theatmosphere which are being
planned for NASA's Earth Observing System [1]. In addition, 8 - 15 ftm FPAs would be very useful in
detecting cold objects such as ballistic missiles in midcourse (when a hotrocket engine is not burning
most of the emission peaks arcin the 8-15 pm IR region) [2]. The GaAs based Quantum Well Infrared
Photodetector (QWIP) [3,4,5] is apotential candidate for such spaceborne and ground based applications
andit can mect al of the requirements mentioned above. for this spectral region.

Vig.1 shows the schematic conduction band diagram of atypical bound-to-con tinuum QWIP [6]
which utilizes bound-to-continuum intersubband absorption. By carcfully designing the quantum well
structure, as well as the light coupling to the detector, it is possible to optimize the material to have an
optical response in the desired spectral range and determinc the spectral response shape [7]. in QWIPs,
the dark current originates from three different mechanisms [8]. As shown in Fig. 1, the dark current
arising from the first process is due to quantum mechanical tunneling from well to well through the
Al Gay .xAs barriers (sequential tunneling). This process is independent of temperature. Sequential
tunncling dominates the dark current at very low temperatures (<30 K). The second mechanism is
thermally assisted tunneling which involves a thermal excitation and tunncling through the tip of the
barrier into the continuum energy levels. This process governs the dark current at medium temperatures.
The third mechanism is classical thermionic emission and it dominates the dark current at higher
temperatures (>55 K for 9 pm cutoff QWIPs). Conscquently, forQ WIPs operating at higher
temperaturesthe last mechanism is the major source of
dark current[8]. Therefore, the 1. WIR 'PA we have
discussed here in detail consisted of bound-to-
quasibound QWIPs [9]. The advantage of the bound-to-
quasibound QWIP over the bound-to-continuum QWIP
19} is thatin the case of abound-to-quasibound QWIP
the energy barrier for thermionic emission isthe same as
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using wet chemical ctching, and Au/Ge ohmic contacts

were evaporated onto the top and bottom contact layers. The dark current-voltage curves of the QWIP
were measured as a function of temperature from T = 30-90 K and the T'=70 K curve isshown in Fig.2
with the dark current-vol[agc curve of a8.5 pum peak bound-to-continuum QWIP. The virtual excited
level of this bound-to-conti nuum QWIP is 6 meV above the Al xGaj.xAs barrier. Theoretically this
should give a factor of 3 higher dark current and it closely agrees with the experimental value of a factor
of 4 higher dark current at bias Vg = -2V.

The responsivit y spectra of these detectors were measured using @ 1000 K blackbody source and
a grating monochromator. The absolute peak responsivities (Rp) of the detectors were measured using a
calibrated blackbody source. The detectors were back illuminated through a 45° polished facet [7].
Figure 3 shows typical photoresponse curves of Jong wavelength bound-to-conti nuum, and bound-to-
quasibound test QWIPs at temperature T = 77 K. The absor pti on and photoresponse curves Of the
bound-to-continnum QW] 1's arc much broader than those of the bound-to-qu asibound QWIPs. This is
because the first excited state, being in the continuum, is broader in the former thanin the latter. The
responsivity of the detector peaks at 8.5 (im and the peak responsivity (Rp) of the detector is 300 mA/W
at bias Vi = -3 V. The spectral width and the cutoff wavelength arc AL/ A = 10% andA.= 8.9 pm
respectivel y. The measured absolute peak responsivit y of the detector is smallup to about Vi = -0,5 V.
Beyond that it increases nearly linearly with bias reaching Rp =380 mA/W at Vi3 = -5 V. This type of
behavior of responsivity versus bias is typical for a bound-to-quasibound QWIP. The peak quantum
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Fig. 4 Detectivity as a function of biasvoltage at
temperatures? = 70 gnd 77 K.

1LIGHT COUPLING

in order to be absorbed by the electrons in the quantum wells, the incoming light should have an
electric ficld component in the quantum well direction, i .c., in the growth direction, normal to the layers.
Only in this situation is the clectric field of the light coupled to the quantized clectronmomentum,
enabling a photon to excite an electron and get absorbed in the process. 1.ight being a transverse wave
(whose electric field is perpendicular to the direction of travel), this sclection rule means that light




striking the layers normally (the most direct way toilluminate an imaging array of detectors) iS not
absorbed. If thelight iS sent through thethin - 500 um)edge of the detector it can be absorbed since it
now has a component of its clectric field in the correct direction. The edge is sometimes given a 45°
wedge and the incident light focused normally on the polished edge. facet [7]. Bothschemes result in
incident light being piped laterally through the detector.  This clearly limits the configuration of
detectors to linear arrays and single elements. For imaging, itis necessary to be able (o couple light
uniformly to two-dimensional arrays of detectors. An elegant way to couple normally incidentlightto
an imaging array of QWIPs isto usc a grating to bend some of the light insidc the detectors.

This is accomplished by putting a specia reflector onthe detector top and illuminating the
detector from the back. If the reflectoris a smooth mirror, itis useless: the normally incident light
passes through the detector, strikes the mirror, and is reflected straight back out of the back side with
none of the light being absorbed by the confined electrons. To be useful, the mirror has to be rough (cm
the scale of the wavelength of the light in the detector’'s GaAs material). This roughness may be either
periodic OF random (Fig. 5). A rough mirror scatters or sprays the incident light back in a cone (i.e., the
roughness ensures that the angle of reflection no longer equals the angle of incidence). The details of
the cone depend on the details of the roughness. This cone now strikes the bottom side. 1’ hose rays that
arc within acritical angle of the normal (17° for the GaAs-air interface) refract or escape back into the
air. The rest suffer total internal reflection with tbc back surface acting as a smooth mirror. The
internall y reflected rays arc once again reflected off the top rough mirror. What happens next depends
on whether the roughness of the top mirror is periodic or random. If it is periodic, the top mirror will
scatter or bend these rays so that they arc all normalto the quantum wc]] layers again. These rays pass
through the detector and out of the back side. A randomly roughened mirror, on the other hand, will
randomly reflect or scatter a]] the rays internally reflected cm to it from the bottom side. cach time,
thereby allowing the incident li ght to bounce back and forth bet wcen the. detector top and back surfaces
several times. Only light within a 17° (from normal) cone. escapes out of the back side. Clever design
can reduce the amount of light in the escape cone but cannot eliminate it altogether. Hor instance, if the
random reflector is designed with Iwo levels of rough surfaces having the same areas but locate.d a
quarter wavelength (AGaas/4) apart, the normally reflected light intensitics from the top and bottom
surfaces of the reflector arc cqual and 180° out of phase. This maximizes the destructive interference at
normal reflection and lowers light leakage through the escape cone.
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Fig.5(a) Schematic side view of athin Q WIP pixel with a random reflector. direction (normal to the quantum
Ideally all the radiation is trapped except for a small fractionwhich escape

throughthe escape cone (defined by critical angle Qc), (b) Randomreflectors on _ _
pixelsina focal plane army. roughened mirror thus yields two

uscful passes; a randomly

roughened mirror offers several.
Onc measure of the resulting efficiency of the detector in absorbing photons is its responsivity (the
photocurient for a given incident photon flux). Under identical conditions, a top reflector with onc-
dimensional periodic roughness will give a QWIP about the same responsivity that it would have if
illuminated through a 45° edge facet; both the reflector with two-dimensional periodic roughness as wc]]
as the random reflector will approximately double. this responsivity. Squeezing the maximum light
trapping ability from the reflector requires increasing the detector aspect rétio, i.e., the. ratio of detector
diameter to height, a design featurc accomplished by thinning the ~ 500 pn thick GaAs substrate on top
of which the detector material is grown, to aboutzero. The resulting optical cavity is calculated and
mecasured to improve the responsivity of a QWIP with arandom reflector significantly over the 45" case
[ 1 1]. *1’binning enhances the responsivities of the QWIPs with 1 D and 2D periodically rough reflectors
to be respectively about 2 and 4 limes better than the 45° case. The random reflector is fabricated on the

well layers). A periodically

QW1 Ps using standard photolithography and CCI2I¥2 selective dry ctching. The advantage of the
photolithographic process over a completely random process is the ability to accurately control featuse
size and preserve the pi xel-to-pixel uniformit y necessary for very sensitive imaging focal planc arrays.

IMAGING ARRAYS

Theimaging arrays were fabricated as follows. After the random reflector array was defined by
lithography and dry etching, the photoconductive QW1Ps of the 256x256 pixel FPAs were. fabricate.d by
wet chemical etching of trenches (to isolate cach QWIP pixel from its neighbors) through the
photosensitive GaAs/AlxGaj.xAs multi-quantum well layers into the 0.5 pum thick doped GaAs bottom
contact layer. The pitch of the FPA is 38 pum; the actual pixelsize is 28 jun X 28 pm. The random




reflectors on the tops of the detectors were then covered
with Au/Ge and Au for Ohmic contact and reflection.
Figure 6 shows a picture of twenty-five 256x256 pixel
QWIP I'PAs on a ~-inch GaAs wafer, produced by the Jet
I'repulsion laboratory. Indium bumps were then
evaporated on the tops of the detectors for Sircadout
circuit (ROC) hybridi zation. A single QWIP IFPA was
chosen and hybridized or mated (via an indium bump-
bonding process as shown in Yig. 7) to a matching,

256x256 pixel CMOS multiplexer (Amber AE- 166), and

biasedat Vi = -1 V. Fig. 6 Twenty five 256.X256 QWIP focal plane
arrays on a 3 in. GaAs wafer.

At temperatures below 72 K, the signal-to-mist
ratio of the system is limited by array non-uniformity,
multiplexer readout noise, and photo current (photon
flux) misc. At tempcratures above 72 K, temporal
noise duc to the QWIP's higher dark currentbecomes — sisionstprocorsor -
the limitation. The FPA was back-illuminated through prsctordrey
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the flat thinned substrate membrane (thickness =1300 wam;lll
A). The measured mean NEAT of the FPA with no lens  ewos  cveun “'g"“”gm.‘;; o
was 26 mK at an operating temperature of ‘1’ =70 K and ieon Bt )

bias Vg= -1V, for a300 K background. This initial Fig. 7 Cross section Of 256x256 QWIP FPA and silicon
array gave excellent images with 99.98% of thc pixcls CMOSmultiplexer hybrid.

working (number of decad pixels = 10), demonstrating

the high yicld of GaAs technology.

HAND-HELD CAMERA

A 256x256 QWI1J FPA hybrid was mounted on to a450 mW integral Sterling closml-c ycle
cooler assembly (shown in Yig. 8) and installed into an Amber RADIANCE 1 ™™ camera-body, to
demonstrate a hand-held 1.WIR camera (shown in Fig. 9). The camerais equipped with a 32-bit floating-
point digital signal processor combined with multi-tasking software, providing the speed and power to
cxccute complex image-processing and analysis functions inside the camera body itself. The other
clement of the camera is a 100 mm focal length germanium lens, with a 5.5 degree ficld of view, 1tis
designed to be transparent in the 8-12 pm wavelength range, to be compatible with the Q WIP's 8.5 pim




operation. The digital acquisition resolution of thé camera
is 12-bits. lts nomina power consumption is less than
50 Waltts.

The measured mean NEAT of the QWIP camera is
40 mK (the higher NEAT is duc to the lens assembly
cutting the light transmission by 35%) at an operating
temperaturc of T =70 K and bias Vi =-1.5V, for a300 K
background. The peak quantum efficiency of the FPA is
3%, corresponding to an average of 3 passes of IR
radiation through the photosensitive multi-quantum well
region. The low quantum efficiency can be partly
altributed to the fact that the substrate reflects 30% of the
light striking it; and the fact that the array has a 65% fill
factor, i.e.,, the detectors cover only 65% of the array
surface, with the remaining 35% being the dead space
bet weendetectors. The uncorrected photocurrent non-
uniformity (which includes a 1 % non-uniformity of the
ROC and al .4% non-uniformity due to the cold-stop in
front of the ] ‘PAnotyielding the same ficld of View to all
the pixels) of the 65,536 pixels of the 256x256 }'PA is
about 6.8% (= signm/mean). The non-uniformity after
two-point (17° and 27° Celsius) correction improves (o an
impressive 0.05%. As mentioned earlier, this highyicldis
duc to the excellent GaAs growth uniformity and the

mature GaAs processing technology.

250 X 256
TWIN PISTON QWIP FPA
INTEGRAL STERLING

COOLER

Fig. 8 Picture of the QWIP camera's sensor engine,
which combines advanced 256x256 QWIP FPA and
nwin piston integral Sterling cooler. This cooler is
capable of providing cooling capacities exceeding
450 mW at 70 K in a standard room temperature
environment of 23°C.

Fig. 9 Picture of the first 256x256 hand-held long
wavelength QWIP camera (QWIP RADIANCE).

Video images were taken at a frame rate of 60 Hz at temperatures ashigh asm = 70 K, using a
ROC capacitor having a charge capacity of 9x10~ clectrons (the maximum number of photoclectrons
and dark electrons that can be counted in tbc time taken to read each detector pixel). Figure 10 (@)
shows onc frame of a video image taken with a 9 pum cutoff 256x2,56 QWIP camera. The two tiny dark
sguares on the glasses are reflections of the cold I'PA of the camera, i.e., tbc QWIP FPA is imaging
itself in the infrared mirror that each frame of the man’s glasses constitutes! Figure 1 O(b) shows an
absorption image of acetone fames (acetone has a strong IR absorption at 8.8 jum) taken with the same
camera. These images demonstrate the high sensitivity of the 256x256 QW1 P staring array camera.




SUMMARY

Lixceptionally rapid progress has
been madc in the development of long
wavelength QWIPs, since they were first

: o experimentally demonstrated several
Fig. 10. Schematic diagram of the conduction band in a bound-10- years ago. It is now possible for QWIPs
continuum Q WIP in an externally applied electric field. A bsorpt ion of
IR photons can photoexcite electrons fromthe ground state Of the 5
quantum el info the continuum, causing a photocurrent. Three dark detectivities as high as D™ ~1x101!1

current mechanisms are also shown: ground state tunneling (1); cm\fl 12/W at 70 K for a9 pum QW]P) and
thermally assisted tunneling (2); and thermionic emission (.?).

to achieve excellent performance (e.g.,

be fabricated into large inexpensive low-
noisc imaging arrays. A 70 K operating temperature can be easily achicved by single-stage Stirling
cycle coolers, which allows us to demonstrate the first hand-held 2.56x256 1'PA1.WIR camera based on
QWIPs. Weighing about ten pounds, the QWIP RADIANCE 1 camerais entirely self-con(aincd, with
no extra boxes for control, cooling, or image processing. Its sharp, inexpensive, large, uniform, infrared
cyc (which can be tailored to scc a particular 1 R wavelength) makes the QW1 hand-held camera the
best and the most cost-effective new tool for imaging and spectroscopy in the interesting 8-14 pm
wavclength range..
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